Electrochemical behavior of the anticancer drug doxorubicin hydrochloride was studied using cyclic voltammetry in aqueous medium using Hepes buffer (pH∼7.4). At this pH, doxorubicin hydrochloride undergoes a reversible two-electron reduction with 1/2 value −665 ± 5 mV (versus Ag/AgCl, saturated KCl). Depending on scan rates, processes were either quasireversible (at low scan rates) or near perfect reversible (at high scan rates). This difference in behavior of doxorubicin hydrochloride with scan rate studied over the same potential range speaks of differences in electron transfer processes in doxorubicin hydrochloride. Attempt was made to identify and understand the species involved using simulation. The information obtained was used to study the interaction of doxorubicin hydrochloride with calf thymus DNA. Cathodic peak current gradually decreased as more calf thymus DNA was added. The decrease in cathodic peak current was used to estimate the interaction of the drug with calf thymus DNA. Nonlinear curve fit analysis was applied to evaluate the intrinsic binding constant and site size of interaction that was compared with previous results on doxorubicin hydrochloride-DNA interaction monitored by cyclic voltammetry or spectroscopic techniques.
Introduction
Anthracycline anticancer drugs are amongst the most active agents in oncology [1, 2] , first recognized for their antibacterial properties in 1939. Their chemical characterization led to an increase in use after therapeutic value of their antineoplastic activity was described in the early 1960s. Two anthracyclines, daunomycin (daunorubicin) and doxorubicin hydrochloride (hydroxyl daunomycin or doxorubicin), were initially isolated from Streptomyces peucetius var. caesitue [3, 4] and exhibit the widest spectrum of antitumor activity [5, 6] . The presence of a side chain primary alcohol group in doxorubicin hydrochloride has important consequences in antitumor activity that makes it more valuable than other anthracyclines. Doxorubicin hydrochloride is used in the treatment of breast cancer, childhood solid tumors, soft tissue sarcomas, and aggressive lymphomas.
However, its use is often hampered by cumulative doselimiting cardiotoxicity resulting in cardiomyopathy and congestive heart failure that may be irreversible [7] .
Though there is still some controversy with regard to their mode of action, anticancer activity or cytotoxic effects involve interaction with nuclear components, especially DNA and type-II topoisomerase [8, 9] . The anthracyclines contain a planar aglycone ring coupled with an aminosugar. The planar anthraquinone intercalates between base pairs of DNA by -stacking and hydrophobic interaction. Its long axis is nearly perpendicular to the axis of the double helix. The aminosugar interacts with negatively charged phosphate groups in the DNA major groove [10, 11] . In addition to stacking and hydrophobic interaction, intercalation is further stabilized by hydrogen bonding between the bases of DNA and the drug molecule [12, 13] . In case of daunomycin the single positive charge contributes electrostatically to binding 2 International Journal of Electrochemistry [12] . Intercalation causes a change in the shape of the DNA double helix, thereby hindering DNA replication and RNA transcription [12, 14, 15] . Doxorubicin hydrochloride and daunomycin were observed to accumulate rapidly in living cells in the nuclei and bind to chromosomal DNA [16, 17] . In the cell, nuclear DNA is associated with a variety of proteins forming a nucleoprotein complex called chromatin [18] . Accumulating evidence suggests these drugs interact with chromatin leading to chromatin unfolding and aggregation that causes a change in structure and function of chromatin [19, 20] . The structural disruption is likely to interfere with metabolic processes of DNA (replication and transcription) contributing to apoptosis induced by these drugs in cancer cells [19, 20] .
In addition, inside the cell, anthracyclines react with cytochrome reductase in the presence of reduced nicotinamide adenine dinucleotide phosphate (NADPH) to form semiquinone radical intermediates which participate in oxidation-reduction reactions generating superoxide radical anion (O 2
•− ) that are converted to hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (OH • ) [21, 22] . The free radicals induce membrane-lipid peroxidation, DNA strand scission, and direct oxidation of purine-pyrimidine bases, thiols, and amines and also contribute to cardiotoxicity. The heart tissue being devoid of glutathione peroxidase is unable to convert superoxide radicals to oxygen and is therefore handicapped in this regard [23, 24] . Therefore the study of the redox behavior of anthracyclines is an important aspect as it helps in the understanding of toxicities and therapeutic efficiencies. There are many reports on the redox behavior of these drugs correlated with biological findings [25, 26] . The present study is an attempt to revisit the redox behavior of doxorubicin hydrochloride in aqueous media at physiological pH (7.4) using cyclic voltammetry trying to understand the mechanism by which the molecule copes with reduction.
Materials and Methods
Doxorubicin hydrochloride [98.0-100.0% (HPLC)] was purchased from Sigma-Aldrich, USA, and it was used without any purification. Since the quinone moiety is sensitive to light, solutions were prepared just before experiment and kept in the dark. CT DNA was purchased from Sisco Research Laboratory, India. After dissolution of CT DNA in buffer, purity was checked from absorbance ratio A 260 /A 280 . For all solutions, this ratio was in the range 1.8 < A 260 /A 280 > 1.9 and provided a good estimate of purity [27] . DNA obtained from biological sources has proteins as contaminants that absorb more heavily around 280 nm, owing to tryptophan with some contribution from tyrosine residues that decrease A 260 /A 280 ratio. An A 260 /A 280 ratio of 1.8-1.9 is considered "clean" with regard to DNA purity indicating that no further deproteinization is required [27] . Concentration of DNA (in bases) was determined taking 260 = 6600 M −1 cm −1 for CT DNA. Analytical grade Hepes buffer (N-2-hydroxyethylpiperazine-N-2-ethane-sulphonic acid, 10 mM) (Spectrochem Pvt. Ltd., India) was used to maintain a pH of ∼7.4 in all experiments. Sodium chloride (AR grade) obtained from Merck, Germany, was used to maintain ionic strength. It was also used as the supporting electrolyte for electrochemical experiments. All solutions were prepared in triple distilled water. Cyclic voltammetry experiments were done using the conventional three-electrode system at 25 ∘ C. A glassy carbon electrode of surface area 0.1256 cm 2 was the working electrode, while platinum wire and Ag/AgCl, saturated KCl, were used as the counter and reference electrode, respectively. Experiments were carried out using EG & G Potentiostat Model 263A. Voltammetric experiments on doxorubicin hydrochloride were done in aqueous buffer (pH∼7.4) in the presence and absence of CT DNA. All experimental solutions were degassed for 30 min with high-purity argon before cyclic voltammetry was done. Microprocessor pH/ION meter (pMX 3000) was used for recording pH of solutions. UV-Vis spectroscopic studies were carried out using a spectrophotometer (model UNICAM UV 500). A pair of 10×10 mm path length quartz cuvettes was used. Simulation of electrochemical data was done to explain the probable mechanism for the reactions using esp24b software developed by Dr. Carlo Nervi [28] . Simulation was carried out in planar geometry and cathodic currents were taken positive.
Results and Discussion

Electrochemical Reduction of Doxorubicin Hydrochloride.
In 15 mM Hepes buffer (pH∼7.4) containing 160 mM NaCl, doxorubicin hydrochloride (33 M) undergoes two-electron reversible reduction generating a cathodic peak at −690 ± 5 mV (versus Ag/AgCl, saturated KCl) with the corresponding anodic peak at −640 ± 5 mV (versus Ag/AgCl, saturated KCl) ( Figure 1 ) at a scan rate of 100 mVs −1 . The formal reduction potential ( 1/2 ) was −665 ± 5 mV (versus Ag/AgCl, saturated KCl). The variation of peak potentials with scan rate is shown in Figure 2 and the corresponding electrochemical parameters are summarized in Table 1 . In Figure 2 the cyclic voltammograms were taken in the potential range 0 to −0.85 V, since beyond −0.85 V there is no reduction or oxidation under the experimental condition, which is clear from Figure 1 . Previous studies [29, 30] showed that, at acidic pH and neutral pH, there were two reduction peaks, one reversible two-electron reduction of the quinone unit of doxorubicin hydrochloride to quinone dianion species at −600 mV (versus calomel electrode), that is, −644 mV (versus Ag/AgCl, saturated KCl), and another irreversible peak at much more negative potential owing to hydrogen evolution [31] . However, the second irreversible reduction peak vanished at alkaline pH [31, 32] . Since the present study was carried out at pH 7.4, that is, slightly alkaline, the second cathodic peak was not observed at more negative potential which was in accordance with previous results [31, 32] . A plot of the ratio of the anodic to cathodic peak current ( pa / pc ) versus the logarithm of scan rate (log v) ( Figure 3) shows that the pa / pc ratio is less than unity in case of lower scan rate, while at higher scan rate it is almost unity [32] . This suggests that the reduction of doxorubicin hydrochloride at physiological pH at lower scan rates was quasireversible, while at higher scan rate it was almost reversible. Using these observations for low and high scan rates a simulation study was performed to understand whether there is any possibility of a chemical reaction along with the electrochemical reduction of the molecule leading to the disappearance of the reduced species, the quinone dianion. For this reason, the cyclic voltammograms at low scan rates failed to show reversible nature. In simulation study (Figure 2 ), the irreversibility of the electrochemical reaction at lower scan rates was explained by assuming a comproportionation reaction between the quinone dianion (reduced species) and the quinone itself (doxorubicin hydrochloride) forming a semiquinone (Scheme 1). As a result, if more time was provided through the application of lower scan rate, the dianion got sufficient time to react and the concentration of the quinone dianion falls leading to an irreversible reaction. This is in accordance with our previous results where we showed that at alkaline pH sodium 1,4-dihydroxy-9,10-anthraquinone-2-sulphonate, a simple analogue of doxorubicin hydrochloride, undergoes a comproportionation reaction with quinone dianion forming semiquinone [32] . It was observed that in the present study the cathodic peak current ( pc ) has a linear relationship with the square root of scan rate and passes through the origin (inset of Figure 1 ) following (1) [33] . This clearly indicates that the reduction was diffusion controlled and there was no adsorption of doxorubicin hydrochloride onto the electrode surface which was also in accordance with previous studies [31, 32] . Thus it was concluded that the reduction peak current ( pc ) has a linear relationship with concentration of doxorubicin hydrochloride. Consider
where pc , , 0 , 0 , 0 , and V refer to the cathodic peak current (A), number of electrons involved in reduction, area of the electrode (in cm 2 ), diffusion coefficient (cm 2 s −1 ), concentration (mol cm −3 ), and scan rate (Vs −1 ), respectively. Using this relation (see (1)) the diffusion coefficient for the reduction of doxorubicin hydrochloride was determined and it was found to be 3.07 × 10 −5 cm 2 s −1 . The reduced chi square for the plot (inset of Figure 1 ) was found to be 0.1135. CT DNA was studied using cyclic voltammetry in aqueous buffer at physiological pH (7.4) containing 160 mM NaCl. Different solutions were prepared having a fixed concentration (33 M) of doxorubicin hydrochloride and different concentrations of CT DNA. Cyclic voltammetry of each such prepared doxorubicin hydrochloride-CT DNA mixture was carried out and change in cathodic peak current at −690 mV (versus Ag/AgCl, saturated KCl) was used to construct binding isotherms. Cyclic voltammogram of doxorubicin hydrochloride in the absence and presence of different amounts of CT DNA is shown in Figure 4 . Under the same experimental conditions, cyclic voltammetry of pure DNA showed that there was neither any cathodic nor anodic peak in the potential range 0.0 to −0.85 V, clearly indicating that pure DNA was electrochemically inert in the potential range on a glassy carbon electrode. Previous studies [25, 26, 34, 35] also showed that CT DNA was electrochemically inactive at a glassy carbon electrode surface. To find the reversibility of the reduction of doxorubicin hydrochloride in the presence of DNA, a plot of the ratio of the anodic to cathodic peak current ( pa / pc ) versus the logarithm of scan rate (log v) (Figure 3 ) is considered which shows that the pa / pc ratio is less than unity for lower scan rates and it is almost unity at higher scan rates [32] clearly suggesting that the reduction is quasireversible at lower scan rates and it is reversible at higher scan rates. However, from Figure 3 , it is evident that the reduction of doxorubicin hydrochloride at lower scan rates in the presence of DNA is much more reversible in nature in comparison to that found in the absence of DNA. It is important to note that the initial concentration of doxorubicin hydrochloride in the electrochemical experiments in the absence and presence of DNA was the same (i.e., 33 M). However, owing to the binding of doxorubicin hydrochloride with DNA, the concentration of free doxorubicin hydrochloride molecules (quinone) is significantly reduced in the presence of DNA which means that the chance of the comproportionation reaction between quinone dianion and quinone (Scheme 1) is decreased and as a result the concentration of quinone dianion species is significantly higher in this case. This leads to an increase in the reversibility of the reduction of the compound in the presence of DNA.
Interaction of Doxorubicin
With increase in concentration of CT DNA the cathodic peak current for the reduction of doxorubicin hydrochloride decreases (Figure 4) . It is necessary to mention that such a decrease in the cathodic peak current was due to interaction of doxorubicin hydrochloride with DNA and not because of any blockage of the electrode surface by an adsorbed layer of DNA. To verify this, cyclic voltammetry of potassium ferricyanide was carried out in the absence and presence of different amounts of CT DNA under similar experimental conditions. It was observed that although the concentration of CT DNA was increased, the cathodic peak current of potassium ferricyanide did not decrease indicating that there was no adsorption of DNA onto the glassy carbon electrode. The fact that in case of the actual experiment doxorubicin hydrochloride interacted with added DNA for which its effective concentration in solution decreased was therefore substantiated. In a previous DNA interaction study, Radi et al. [35] carried out a similar ferricyanide experiment to establish that cyclic voltammetric behavior of their studied compound was not affected by addition of a very large excess of DNA and that decrease in peak current of the compound was due to interaction of the compound with DNA and not owing to adsorption. Results of DNA titration using cyclic voltammetry were analyzed by the method of nonlinear fitting [25, 26] . To do so, the following compound-DNA equilibrium was considered [36] [37] [38] [39] :
where represents doxorubicin hydrochloride, represents CT DNA, and represents the doxorubicin hydrochloride-DNA adduct. The dissociation constant ( ) = 1/ , being apparent binding constant of the compound to DNA. 
Studies carried out earlier already established the fact that the 9,10-anthraquinone unit of anthracyclines binds to DNA by intercalation owing to its planar hydrophobic structure [40, 41] and that doxorubicin hydrochloride-DNA adduct was not electroactive [11, 34] . Since there was no interference from doxorubicin hydrochloride-DNA adduct [34] , the cathodic peak current ( pc ) was linearly proportional to the concentration of free, that is, nonbound, doxorubicin hydrochloride (see (1)). Using this linear relationship between cathodic peak current and concentration of doxorubicin hydrochloride and applying the same analogy one applies for absorption and fluorescence, the following parameters were defined [36] [37] [38] [39] . Δ = ( pc 0 − pc ) = change in cathodic peak current ( pc ) of doxorubicin hydrochloride at −690 mV (versus Ag/AgCl, saturated KCl) upon each addition of CT DNA for each point of the titration. pc 0 and pc are cathodic peak current of doxorubicin hydrochloride at −690 mV (versus Ag/AgCl, saturated KCl) in the absence and presence of different amounts of CT DNA, respectively. Δ max is the same parameter when doxorubicin hydrochloride was totally bound to CT DNA. Therefore, (Δ /Δ max ) denotes the fraction of doxorubicin hydrochloride bound to DNA and one gets (Δ /Δ max ) C 0 = [LD] = [DNA-doxorubicin hydrochloride]. Therefore, it can be said that, at any point of the titration, cathodic peak current was due to the contribution of free doxorubicin hydrochloride only. Putting the value of [LD] in (3), one gets
Determination of using (5) requires the value of Δ max which was determined by double reciprocal plot ( Figure 5 ) using [25, 26] 
This double reciprocal plot ( Figure 5 ) was also used to determine the apparent dissociation constant ( ) that was also determined using nonlinear curve fit analysis using (5). The apparent binding constant ( app = 1/ ) obtained from the double reciprocal plot (see (6), Figure 5 ) was found to be (1.66±0.12)×10
4 M −1 . The correlation coefficient for this plot was observed to be 0.00037. The parameters are summarized in Table 2 .
All the experimental points in the binding isotherms were fitted by least-square analysis. The basic assumption was that the concentration of doxorubicin hydrochloride was 33 M (kept constant during titration). CT DNA concentration was 10-fold greater than doxorubicin hydrochloride. Binding stoichiometry or binding site size was determined from the point of intersection of two straight lines obtained from the least-square fit plot of normalized increase of Δ /Δ max against ratio of concentrations of CT DNA (in base) to doxorubicin hydrochloride [25, 26] that was drawn considering points before and after saturation, respectively [25, 26] . The point of intersection of the two straight lines indicates a ratio of the moles of DNA (in bases) to the mole of doxorubicin hydrochloride in which the saturation is just reached, that is, the number of DNA bases bound per doxorubicin hydrochloride. Figure 6 shows the binding isotherm of doxorubicin hydrochloride and CT DNA. The correlation coefficient for this plot was observed as 0.0022 which is a measure of the extent to which the fitted line matches with the experimental data points. The apparent binding constant ( app = 1/ ) was calculated using (5) as described above and obtained as (1.81 ± 0.15) × 10 4 M −1 ( Table 2 ). The apparent binding constant obtained from double reciprocal plot (see (6), Figure 5 ) was (1.66 ± 0.12) × 10 4 M −1 (Table 2 ) indicating that there was excellent agreement between the two approaches. A previous study by Hajian and coworkers [42] showed apparent binding constant for the interaction of doxorubicin hydrochloride-CT DNA in phosphate buffer at pH 7.4 as agreement with our results. The slight deviation between the previous and present results may be due to different types of measurements and different reaction media in the two studies. Figure 7 shows the plot of normalized increase of Δ /Δ max as a function of mole ratio of DNA to doxorubicin hydrochloride and provides the value for the binding site size ( ) = 5.80 ± 0.40 bases, that is, 2.90 ± 0.20 base pairs per molecule of doxorubicin hydrochloride ( Table 2) . The reduced chi square values for the plot of straight lines ( Figure 7 ) before and after the saturation were found to be 0.9849 and 0.8914, respectively, which are the measure of compatibility of fitting of the experimental results with the appropriate equation. Knowing , the intrinsic binding constant , that is, ( × ), was obtained as (1.05 ± 0.10) × 10 5 M −1 (Table 2) . A previous study had reported intrinsic binding constant for the interaction of doxorubicin hydrochloride with CT DNA as 2.7 × 10 5 M −1 at pH 7.4 [43] and binding site size as 3.1 ± 0.4 base pairs per drug molecule [44] . Thus previous results also justify ours and the methods of measurements.
Conclusion
Doxorubicin hydrochloride undergoes two-electron reversible reduction generating a cathodic peak at −690 ± 5 mV (versus Ag/AgCl, saturated KCl) with International Journal of Electrochemistry a corresponding anodic peak at −640 ± 5 mV (versus Ag/AgCl, saturated KCl) at pH 7.4. The formal reduction potential ( 1/2 ) was found to be −665 ± 5 mV (versus Ag/AgCl, saturated KCl). The reduced species undergoes comproportionation with the neutral molecule to form semiquinone leading to irreversible reduction at lower scan rate established by simulation. Cathodic peak current for doxorubicin hydrochloride decreased as calf thymus DNA was gradually increased in solutions containing a fixed concentration of doxorubicin hydrochloride. The decrease in peak current was used to evaluate binding parameters for the interaction of the drug to CTDNA. Intrinsic binding constant and bind site size were (1.05 ± 0.10) × 10 5 M −1 and 2.90 ± 0.20 base pairs of DNA per molecule of doxorubicin hydrochloride, respectively. Our results support earlier data.
Abbreviation
CT DNA: Calf thymus DNA.
